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Fusarium head blight (FHB) is caused primarily by members of the fungal genus Fusarium. In the United States, the main species that causes FHB is F. graminearum Schwabe (29) . FHB epidemics began in several wheat (Triticum spp.) production regions in the early 1990s and have recurred since then (17) . Direct revenue loss due to FHB damage in wheat exceeded two billion dollars in the period 1993 to 2001 in the United States, with indirect losses estimated at three times this amount. Durum wheat (T. turgidum L. var. durum) has been heavily impacted, with a 44% loss of value in the U.S. crop, which is grown primarily in North Dakota (19) .
The challenge associated with obtaining accurate FHB resistance data in the field (5,7) and the polygenic nature of FHB resistance (4, 23) has resulted in efforts to identify molecular markers for FHB resistance genes to facilitate breeding efforts. Several dozen reports of FHB resistance quantitative trait locus (QTL) mapping have been published in hexaploid wheat since the first such reports (3, 32) , and FHB resistance QTL appear to be distributed broadly in the wheat genome, based upon these studies (4, 23) .
In contrast, very few FHB resistance QTL mapping studies have been published for tetraploid wheats. Otto and associates (20) were the first to report an FHB resistance QTL, Qfhs.ndsu-3AS, on chromosome 3A derived from T. dicoccoides genotype Israel A, while Kumar and associates (14) identified the FHB resistance QTL Qfhs.fcu-7AL from a different T. dicoccoides source. Two FHB resistance QTL were identified in a population from a cross between durum wheat and T. carthlicum, one coming from the durum wheat parent and one from T. carthlicum (24) . A recent study reported FHB resistance QTL from T. dicoccum, the largest of which accounted for 6.1% of the variance in FHB resistance and was located on chromosome 1B (9) . Thus, compared with common wheat, there is a dearth of identified FHB resistance QTL in durum wheat and its tetraploid relatives. This is significant because the overall levels of FHB resistance available for exploitation in durum wheat breeding programs are low, and efforts to introgress FHB resistance from common wheat into durum wheat have met with limited success due to obstacles in transferring genes from hexaploid to tetraploid wheat. This, coupled with the large loss in durum wheat crop values from FHB, provides a strong incentive to identify more regions in tetraploid wheat that contribute to variation in FHB resistance, and that could be targets of selection for FHB resistance improvement in durum wheat.
Disease resistance breeding focuses on deploying resistance genes. However, genes that increase disease susceptibility by suppressing resistance genes and/or by encouraging pathogen proliferation are postulated to exist and have been suggested to be relatively common in wheat (13) . Most evidence for such suppressor genes in wheat derives from genetic studies of resistance to stem rust (Puccinia graminis Pers.:Pers. f. sp. tritici Eriks. E. Henn.) and leaf rust (P. triticina = P. recondita Roberge ex Desmaz. f. sp. tritici.) (2, 12, 18) . More recently, a study identified genes on chromosome 5B of wheat that may either promote susceptibility to or suppress resistance against the fungal pathogen Mycosphaerella graminicola (1) . Molecular studies in the model plant Arabidopsis also suggest the existence of genes that increase disease susceptibility to powdery mildew and that are not interrelated with known defense response pathways. Perturbation of these genes increases disease resistance (31) . Presumably, these genes do not directly impact disease but rather epistatically influence the action of disease resistance genes themselves. Eliminating genes that increase disease susceptibility in this way may provide an avenue for mitigating plant disease damage in a manner that complements efforts that rely upon the deployment of resistance genes.
The presence of genes in wheat that may increase susceptibility to FHB has not been subject to much research attention. Yet, Stack et al. (28) presented evidence for the potential existence of such genes. In that study, examination of FHB resistance in Langdon (LDN) durum-T. turgidum L. var. dicoccoides (wild emmer wheat) genotype Israel A chromosome substitution lines revealed that chromosome 2A from Israel A dramatically increased FHB susceptibility; these results were confirmed by Kumar et al. (14) . This indicates that one or more genetic factors on Israel A chromosome 2A lead to greater FHB susceptibility compared with LDN. Stack and associates (28) postulated that this may be due either to genetic factors on Israel A chromosome 2A that suppress FHB resistance, or to the loss of gene(s) on LDN chromosome 2A that contribute a modest degree of FHB resistance to this cultivar. The former hypothesis was based on the fact that Israel A is itself highly susceptible, even though it is also the original source of the FHB resistance QTL Qfhs.ndsu-3AS (28) .
The goal of this study was to employ molecular mapping to locate regions of chromosome 2A from T. dicoccoides genotype Israel A that are associated with the increased FHB susceptibility detected when this chromosome is substituted into LDN durum wheat.
MATERIALS AND METHODS
Plant material. The durum wheat genotypes used for experiments included the durum wheat cultivar LDN, and a LDN-T. dicoccoides chromosome substitution line harboring chromosome 2A of T. dicoccoides genotype 'Israel A' [LDN(DIC-2A)]. Both LDN and LDN(DIC-2A) are FHB-susceptible, though the former is considered moderately susceptible while the latter is highly susceptible (14, 28) . The LDN(DIC-2A) substitution line was generated by Joppa (11) .
The plant population for disease evaluations, molecular map generation, and QTL mapping was a set of 99 recombinant inbred chromosome lines (RICL) from a cross between LDN and LDN(DIC-2A). These RICL were developed by the cytogenetic strategy as detailed by Joppa (10) . The RICL are similar in genome structure to doubled haploid lines because they have undergone just one generation of meiosis and are fixed homozygotes. Thus they represent an immortalized recombinant population segregating only for genes on chromosome 2A. The parental lines and RICL used in this study were supplied by L. Joppa and J. Faris (USDA-ARS, Fargo, ND).
Plant growth. Plants were grown in the greenhouse in raised beds. A soil mix amended with ground dolomitic limestone and slow release fertilizer was used. Greenhouse temperatures were maintained at 18 to 20°C. Plants were fertilized weekly (3 g liter FHB evaluations. The FHB evaluations of plants generally followed methods described by Stack et al. (28) for evaluating resistance to disease spread through the spike from a point of infection, commonly known as type II resistance. Briefly, at anthesis, spikes in a row were inoculated by placing a 10-µl droplet of a spore suspension (1 × 10 5 conidiospores ml -1 ) into a single flowering floret near the middle of the spike (27) . Spore suspensions for inoculations were prepared by flooding petri dishes of F. graminearum cultures with sterile distilled water and agitating to remove conidiospores. The suspension was filtered through sterile cheesecloth and diluted to the proper spore concentration. The suspension consisted of an equal mix of spores from three F. graminearum isolates of known pathogenicity, R010, R1267, and R1322, that were originally collected in farm fields in the Red River Valley region of North Dakota and have been used for previous FHB mapping studies in both tetraploid and hexaploid wheat (20, 32) . Suspensions were kept on ice and used within 6 h of preparation. When inoculating, supplemental lighting was turned off and greenhouse temperatures were increased to 30°C.
The number of spikes inoculated in each row varied due to differences in emergence, synchronization of flowering, and loss of plants to root rot. In the fall 2002 disease evaluation, the mean number of spikes inoculated in each row was 9.4. In spring 2004, the mean number of spikes inoculated per row was 8.4, and in the fall 2004 disease evaluation the mean number of spikes inoculated per row was 9.6. Since the parents and RICL are fixed homozygotes, the number of plants from which inoculated spikes were drawn in each row was not recorded. The fall 2002 inoculations were conducted on five dates over 25 days, the spring 2004 inoculations were conducted on four dates in a 20 day period, and the fall 2004 inoculations were conducted on two dates over a 6 day period.
After inoculation, plants were hand-misted with a hand-fogging nozzle (Fogg-it, Dramm Corp., Manitowoc, WI) attached to a watering hose. Subsequently, an automatic misting system (Batrow Inc., Mini 8-G watering system with flat fan nozzles mounted overhead) was used to maintain high humidity on three consecutive nights (20 s of mist every 15 min for 20 h).
Disease evaluations were conducted in the following manner: 3.5 weeks after inoculations, individual inoculated spikes in a row were rated for FHB severity (percentage of each spike exhibiting disease symptoms) on a 0 to 100% scale (30) . Disease incidence (percentage of inoculated spikes in a row exhibiting disease symptoms) was also calculated for each row. Multiplication of the mean FHB severity for inoculated heads in a row by disease incidence in that row provided an FHB index value for the experimental unit. These FHB index values were employed as the standard measure of FHB resistance for additional analyses completed in the study.
Molecular mapping. Seeds of LDN, LDN(DIC-2A), and the RICL population were planted to obtain seedling tissue for DNA isolations, using a small-scale version of the protocol of Riede and Anderson (21) . DNA was screened with primers for Xgwm (22) , XBARC (26) , and Xwmc (8) simple sequence repeat (SSR) markers previously mapped to chromosome 2A, to identify polymorphic loci suitable for establishing a molecular map of Israel A chromosome 2A. The general SSR marker amplification conditions used were as suggested for the individual markers in the original marker publications. Polymerase chain reaction product separation on denaturing 6.5% (19:1 acrylamide/bis-acrylamide) polyacrylamide gels and silver staining to visualize results were both conducted as described previously (15) .
Polymorphic markers identified in the parental screen were subsequently scored in the individuals comprising the RICL population. This marker data set was used to generate a molecular map of chromosome 2A with the program Map Manager QTX (16) using a minimum significance threshold of 0.001, and employing the Kosambi function.
Statistical and QTL analysis. Analysis of variance was conducted for the two replicated FHB evaluations to test for differences in FHB resistance among RICL, using Microsoft Excel.
Marker (16) . The likelihood ratio statistics provided by Map Manager QTX were divided by 4.6 to convert them to LOD scores. For the two replicated evaluations, rep means were used for QTL analysis. Each of the three inoculations was analyzed separately due to variability in the number of RICL being analyzed in each evaluation.
RESULTS

FHB resistance in RICL.
indicated that differences in FHB resistance between the RICL were highly significant in both of these evaluations (P < 0.01). For the unreplicated fall 2004 experiment, the FHB index ranged from 10 to 100% among RICL (mean 65%).
There A molecular map of chromosome 2A. The parents of the RICL population, LDN and LDN(DIC-2A), were screened with SSR markers that map to wheat chromosome 2A. A total of 32 markers were identified that were polymorphic between the parents. Segregation for these polymorphic markers was scored in the entire LDN/LDN(DIC-2A) RICL set, and the resultant data were used both for generating a molecular map of chromosome 2A and for subsequent QTL analysis. The molecular map of chromosome 2A developed from this data set covered 161 cM. A subset of 12 mapped markers that, when used to generate a separate molecular map covered approximately 158 cM (Fig. 1) , was selected for QTL analysis. The other 20 markers were excluded either because they cosegregated with one of the selected markers or were tightly linked to one of them, and so were deemed redundant for the QTL analysis. In all experiments, several markers in the proximal region of chromosome 2A exhibited significant associations with differences in FHB resistance (Table 1) . In fall 2002, the best single marker was Xgwm558, which accounted for 26% of the phenotypic variance in FHB resistance. The Israel A allele was associated with increased FHB susceptibility, with an additive effect of 8.4%. Thus, the mean difference in FHB resistance between RICL homozygous for the alternative alleles of Xgwm558 was 16.8%. Interval mapping revealed a peak LOD score of 5.7 between Xgwm558 and XBARC5 (Fig. 1) . In the spring 2004 evaluation, a similar region of the long arm of chromosome 2A was associated with variation in FHB resistance, although P values were not as low as in 2002, and the peak LOD score was lower (3.5) and nearest to Xgwm445 (Fig. 1) . This particular marker alone explained 21% of the phenotypic variance in FHB severity, with an additive effect of 7.8% for the Israel A allele (Table 1 ). In the fall 2004 disease evaluation, the best single marker for FHB resistance was XBARC5, which explained 22% of the phenotypic variance (Table 1 ). The peak LOD score, 5.4, from interval mapping was associated with the XBARC5-Xgwm445 interval (Fig. 1) . Looking across individual experiments, the 22 cM marker interval between Xgwm558 and Xgwm445 was most closely associated with maximum LOD values in the three disease evaluations. Plotting the distribution of FHB index for RICL with LDN versus Israel A haplotypes for this 3 marker interval demonstrated that RICL possessing the Israel A haplotype exhibited less FHB resistance (Fig. 2) . Regression analysis revealed that this marker interval accounted for 29.3, 27.1, and 24.8% of the phenotypic vari-
DISCUSSION
FHB causes serious losses to the U.S. wheat crop, particularly to hard red spring wheat and durum that are grown in the upper Midwest (19) . While hard red spring wheat improvement programs have benefited from access to the major FHB resistance QTL Qfhs.ndsu-3BS (32) identified many years ago, no comparable major durum wheat FHB resistance QTL has been identified. To date, FHB resistance QTL in tetraploid wheat that have been mapped to chromosomes 1B, 2B, 3A, and 7A (9, 14, 20, 24) do not confer as much protection against FHB as the aforementioned QTL from Sumai 3. Because of the high overall susceptibility of durum wheat to FHB, it would be desirable to identify more regions of tetraploid that are involved in varying levels of resistance and susceptibility, including high susceptibility versus. moderate susceptibility. Selection for such regions may contribute to incremental improvement of FHB resistance.
Further, genes that act epistatically to suppress FHB resistance may underly the significantly higher overall level of FHB susceptibility of durum wheat and the lack of good FHB resistance sources compared to common wheat. Therefore, in durum wheat it may also be necessary to manipulate suppressor genes to allow characterized FHB resistance QTL to function. As an example, while Israel A is highly susceptible to FHB (28) , paradoxically it is also the source of the major FHB resistance QTL Qfhs.ndsu-3AS located on chromosome 3A that was only revealed upon isolation of chromosome 3A from the rest of the Israel A genome (20, 28) . This suggests that in Israel A there are epistatic interactions between genes impacting FHB resistance, with genes present on chromosomes other than 3A that suppress the expression of Qfhs.ndsu-3AS, thus masking its effect. Previously, research results have suggested that chromosome 2A can mitigate the effect of FHB resistance associated with chromosome 3A, and thus may harbor genes that act epistatically to Qfhs.ndsu-3AS to partially suppress FHB resistance (6) . We undertook research to map the location of regions on Israel A chromosome 2A that are associated with increased FHB susceptibility (28) , as a first step toward elucidating the role of this chromosome both in increasing FHB susceptibility and possibly epistatically reducing the effect of Qfhs.ndsu-3AS.
Our SSR linkage map of chromosome 2A covered a large proportion of the chromosome, based on comparison to consensus wheat molecular maps (25) . QTL analysis of FHB resistance in the RICL population identified a region of the long arm of chromosome 2A that was associated with variation in FHB severity in all three FHB evaluations conducted. This region is best defined by the interval between the markers Xgwm558 and Xgwm445, which spans approximately 22 cM. Modest differences in peak LOD locations between experiments are likely due to varying numbers of RICL used in each experiment. The percent of variation in FHB susceptibility in the population that was associated with this region, based on single best markers, averaged 23% across experiments, with increased susceptibility associated with the marker alleles deriving from Israel A. The association of this region of Israel A chromosome 2A with differences in FHB susceptibility in all three disease evaluations indicates a robust effect of the region on FHB susceptibility in the mapping population.
When substituted into the moderately susceptible durum wheat cv. LDN, chromosome 2A from wild emmer wheat line Israel A conditions increases FHB susceptibility (28) . This may indicate that one or more genes critical to FHB resistance reside on LDN chromosome 2A and are lost upon this chromosome substitution. If so, then the region identified in this study would represent a new FHB resistance QTL in tetraploid wheat. Such a QTL could be employed within a program to convert highly susceptible dur- um wheats into genotypes with enhanced resistance by gene pyramiding together with the small ensemble of previously reported FHB resistance QTL (9, 14, 20, 24) .
It is intriguing to note in a previous study the identification of a similar region of chromosome 2A in a durum wheat/T. carthlicum population that itself did not significantly influence FHB resistance, but acted epistatically to modulate the level of FHB resistance conferred by a FHB resistance QTL located on chromosome 6BS (24) . The region identified in that study included the marker Xgwm312, which in our study exhibited a significant LOD (3.2, R 2 = 14%) in one of three FHB evaluations, and certainly is in proximity to the interval that contains the individual molecular markers exhibiting the strongest association with variation in FHB reaction. While this region may be more distal to the consensus interval we have associated with differences in FHB susceptibility, it may identify a region that can be investigated further on Israel A chromosome 2A for a possible suppressor effect on tetraploid FHB resistance QTL. In this same study (24) , a second region in tetraploid wheat was identified on chromosome 5AS that also interacted epistatically to influence the FHB resistance identified on chromosome 6BS, supporting the notion that FHB resistance suppressors may be common in tetraploid wheat.
To date, efforts to genetically improve FHB resistance in wheat have focused on identification and introgression of genes conditioning resistance. The identification and characterization of potential genetic factors that increase FHB susceptibility or that may suppress resistance genes may provide a new and complimentary avenue to improving FHB resistance in durum wheat that can be combined with introduction of FHB resistance genes. For instance, elimination of such genes by selection of null alleles or by gene silencing are strategies that could be pursued in tandem with efforts either to select for naturally occurring FHB resistance genes or to obtain FHB resistance through overexpression of defense-related genes. Our study identifies a new region in tetraploid wheat that contributes to variation in FHB resistance. Future studies with appropriately constructed populations can be used to test whether this region of Israel A chromosome 2A also plays a role in suppressing FHB resistance conditioned by Qfhs.ndsu-3AS. One such approach would be to develop a recombinant inbred population from a cross between a LDN backcross derivative harboring Qfhs.ndsu-3AS and LDN(DIC-2A). Recombinant inbred lines homozygous for Qfhs.ndsu-3AS could then be identified using molecular markers, and subsequently evaluated for FHB resistance. Subsequent QTL mapping of FHB resistance in this population that is fixed for Qfhs.ndsu-3AS, but segregating for genes on Israel A chromosome 2A, would reveal whether genes in the same chromosome 2A interval associated with increased FHB susceptibility in this study mitigate the effect of Qfhs.ndsu-3AS.
